ABSTRACT: We surveyed the role of chemically mediated interactions between the 2 diatom species Skeletonema costatum and Thalassiosira weissflogii. S. costatum promoted the growth of T. weissflogii in non-contact co-cultures, allowing an exchange of exuded metabolites. In contrast, cell counts of S. costatum were not affected by T. weissflogii. Metabolic profiling of the co-culture medium revealed a significant change in diatom-derived metabolites in comparison with those of monoculture controls. Several compounds detected in monocultures were not present in the co-culturing set-up, indicating either a transformation or uptake of released metabolites by the competing species. In addition, metabolic profiling of intracellular metabolites revealed that the biochemical processes of both diatoms changed in the presence of the co-cultured species. The present study illustrates that chemical cross-talk between diatom species is possible and that these types of chemical interactions lead to physiological responses and might even result in changed cell abundances.
INTRODUCTION
Diatoms (Bacillariophyceae) are highly abundant unicellular microalgae in ocean waters and play a crucial role in the marine food web (Fenchel 1988) . In the natural environment diatoms occur in complex species assemblages and encounter stress from a variety of sources, including nutrient limitation and predation, as well as competing phytoplankton species. Stress from other phytoplankton often results from competitorinduced light or nutrient limitation (Tilman 1982) . However, in some cases, phytoplankton species may also directly regulate the density of competitors via the exudation of chemical compounds. Molisch (1937) introduced the term allelopathy to apply to both inhibitory and stimulatory biochemical interactions between either primary producers or primary producers and microorganisms.
Allelopathic interactions between such phytoplankton are believed to influence plankton community composition (Maestrini & Bonin 1981 , Cembella 2003 , Gross 2003 , Legrand et al. 2003 ). The effects of toxic dinoflagellates such as Alexandrium sp. and Karenia brevis have been particularly intensely studied. Both Alexandrium sp. and K. brevis (Kubanek et al. 2005 , Prince et al. 2008 have been reported to exude allelopathic compounds that inhibit the growth of competitors. Although in some cases allelopathic interactions between diatoms and other members of the phytoplankton community have been reported (Pratt 1966 , Fistarol et al. 2004 , Prince et al. 2008 , little is known about the chemically mediated interactions between non-toxic diatom species (but see Sharp et al. 1979 , Pouvreau et al. 2007 .
In most studies of planktonic allelopathic interactions, experiments only monitor the effect of extracellular extracts or nutrient re-enriched media from a mono-culture of one species on a culture of the interacting organism. Other studies maintain mixed cultures in single culture vessels, thereby observing an overlapping effect of chemically mediated and cell contact mediated interactions (Talling 1957 , Wang & Tang 2008 . Yamasaki et al. (2007) separated cultures of the diatom Skeletonema costatum and the flagellate Heterosigma akashiwo by a dialysis membrane, thereby physically separating the cultures but allowing chemical interaction. This type of a spatially separated co-culturing is a useful method to investigate chemical communications between phytoplankton because it allows observation of chemical cross-talk without interference from direct cell contact (e.g. McVeigh & Brown 1954 , Jensen et al. 1972 , Vardi et al. 2002 .
Current approaches for detecting chemically mediated interactions between plankton often consider only a small set of parameters, such as growth rate ), morphology and/or the abundance of a specific class of compounds (Myklestad 1995) . While useful, these approaches are often unable to detect previously unknown chemical cues and responses outside of the narrow range of established parameters. Metabolic profiling, a 'global' analysis of biological samples for low molecular mass organic metabolites, is a survey of released (exo-metabolome) and intracellular compounds (endo-metabolome). This non-targeted method allows the study of the physiological basis of signal production and reception by monitoring metabolic responses to external factors (Wilson et al. 2005) .
In the present study, we combined a non-contact coculturing approach with metabolic profiling to monitor the interactions between the diatoms Skeletonema costatum and Thalassiosira weissflogii. S. costatum is an abundant diatom in ocean waters (Kooistra et al. 2008 ) and has been intensely studied both in terms of ecology and physiology (e.g. Granum et al. 2002 , Dutz et al. 2008 , Zhao et al. 2009 ). T. weissflogii was selected as a competitor because it is known to co-occur with S. costatum (e.g. in English Channel waters). The metabolic profiling included analysis of both the metabolites released into the media and the metabolites retained within the cells. We observed changes in both the metabolic profiles and in cell growth in co-cultures relative to controls, indicating a direct physiological response of one species on the presence of another. We discuss these results and how this interaction might be described in light of the concept of allelopathy.
MATERIALS AND METHODS
Cell culturing. Skeletonema costatum (Strain RCC 75) and Thalassiosira weissflogii (Strain RCC 76; can also be found in the CCMP collection strain, CCPM 1336) were obtained from the Roscoff Culture Collection (Roscoff, France). Cells were cultivated under a 14:10 h light:dark cycle at 15°C, under illumination at approximately 80 µmol photons s -1 m -2
. The culture medium was sterilized, artificial, buffered seawater prepared as described by Maier & Calenberg (1994) .
Cells were cultivated in standing cultures of 300 ml; transfer of cultures was performed using autoclaved tools and culture vessels under a clean bench. Repeated culturing to the exponential phase and subsequent dilution was performed to guarantee similar starting conditions for both algal species despite different absolute cell counts. For larger-scale inoculations, 300 ml of exponentially growing cultures were diluted with 1200 ml of medium to reach cell densities of 27 × 10 3 and 1 × 10 3 cells ml -1 for Skeletonema costatum and Thalassiosira weissflogii, respectively. Growth rates were similar to those found in earlier studies (Montagnes & Franklin 2001 , Grossart & Simon 2007 , Vidoudez & Pohnert 2008 . Throughout the experiment samples from the outer chamber were monitored by microscopy for contamination and discarded if any increased levels of microorganisms were observed. At the end of the experiment the inner chambers were monitored for bacterial contamination, and results were not considered if contaminations were observed.
Co-culturing experiment. Dialysis tubes (dialysis tubing cellulose membrane, pore size 12 kDa, 76 mm × 49 mm; Sigma Aldrich) were used to separate the cultures during co-culturing experiments. Dialysis tubes were cut into sections of approximately 32 cm and washed according to the recommendations of the manufacturer. After washing, one end was closed by knotting the tube. A short piece of Teflon tubing (5 cm long and 3 mm in diameter) was attached to the other end of the dialysis tube using a nylon line. These dialysis bags were sterilized in boiling water for 15 min and were kept in a sterile container until use. The resulting sterile dialysis bags were inoculated with diatom cultures via the Teflon tubing. After filling, a silicon stopper was inserted into the Teflon tubing to ensure tight closure.
Co-cultures were made by transferring 100 ml of a freshly inoculated Skeletonema costatum culture (27 × 10 3 cells ml -1
) to a sterilized 500 ml glass flask with a wide mouth (Weck GmbH). Using a sterile syringe, a dialysis bag was then filled with 100 ml of a freshly inoculated Thalassiosira weissflogii culture (1 × 10 3 cells ml -1 ) and tightly closed. The dialysis bag was subsequently placed into the S. costatum culture, ensuring that the whole dialysis bag was submerged. The reverse co-cultures, with S. costatum inside the dialysis bag (referred to here as the inner culture) and T. weissflogii in the glass flask (referred to as the outer culture), were also prepared. This second co-culture prevented differences in growth conditions within and outside of the dialysis bag from confounding experimental results. As a control, cultures were prepared identically to the treatments except that the same species was in both the dialysis bag and in the glass flask. All treatments were performed in triplicate. A blank was prepared by filling a glass flask and the dialysis bag with 100 ml of medium each.
The co-cultures were agitated on a laboratory shaker at 90 rotations min -1 and cultured under the conditions described above.
Sampling and cell concentrations. All cultures were sampled under sterile conditions. To follow cell growth, samples of approximately 75 µl were taken from the outer culture every 2 to 3 d. Sampling out of the inner culture was not possible before the last day of the experiment, since dialysis bags needed to remain sealed to avoid contamination. The cell density was determined by counting at least 400 cells on a FuchsRosenthal hematocytometer with an upright microscope (Leica DM 2000, Leica) .
Growth rate calculations. Growth rates (μ) were calculated as μ = (ln N t -ln N 0 ) / Δt, where N t and N 0 are cell densities at time t and time 0, respectively, and Δt is the time difference between the measurements in days.
Extraction of extracellular and intracellular metabolites. On Day 38, the media and the cells of the outer culture and of the inner culture were independently extracted. The cells were separated from the medium by filtration on approximately 4 g of sand under gentle vacuum. The sand (VWR) was washed 5 times with deionized water beforehand. Sand filtration was selected since it allows separation of cells from the medium without induction of the release of metabolites due to stress, as has been observed when using other filtration techniques (Vidoudez & Pohnert 2008 ). The resulting cell-free medium was extracted on solid phase extraction (SPE) cartridges (Chromabond EASY, 200 mg, Macherey-Nagel). The loaded cartridges were washed with 4 ml of water (Chromasolv Plus, Sigma Aldrich) and eluted with a 1:1 (v:v) mixture of methanol (Chromasolv, Sigma Aldrich) and tetrahydrofurane (HiPerSolv, Chromanorm, VWR) into 4 ml glass vials. To obtain the cell extract, the sand used for the filtration containing the cells was immediately transferred to 15 ml tubes (Falcon) and covered with 4 ml of methanol. After vortexing for 1 min, the tubes were centrifuged and the methanol extract was transferred to 4 ml glass vials. The samples were stored at -80°C until analysis.
Ultra-performance liquid chromatography electrospray mass spectrometry (UPLC-ESI/MS) analysis.
Metabolic profiling was performed using a Waters Acquity ultra-performance liquid chromatography (UPLC) coupled to a time of flight Q-ToF micro-mass spectrometer (Waters) equipped with electrospray ionization (ESI). Mass spectra were recorded in negative ion mode. A BEH C 18 UPLC column (2.1 mm, 1.7 µm; Waters) at 30°C was used for separation. The injection volume of each sample was 2 µl and the flow rate was 0.6 ml min -1
. Every sample was injected 3 times. The mobile phases were 0.1% formic acid and 2% acetonitrile in water (=A) and 0.1% formic acid in acetonitrile (=B). The solvent gradient changed from 100% A to 100% B in 7 min, was held at 100% B for 2 min, was returned to 0% B by 9.5 min and was held at 0% B for another 30 s (all solvents ULC/MS, Biosolve). Mass spectra were recorded at a scan rate of 1 scan s -1 with an inter-scan delay of 0.1 s and a scan range of 100 to 1000 m/z. The collision energy was 5 V, the sample cone was 34 V, the cone gas flow was 150 l N 2 h -1 and the desolvation gas flow was 650 l N 2 h -1 . Statistical analysis and quantification. Unless otherwise stated, values are given as mean ± SD. Differences in cell density were detected with a 2-tailed t-test assuming equal variances with Microsoft Excel 2007. For concentrations of cellular metabolites of Thalassiosira weissflogii, unequal variances were calculated and a t-test was performed assuming unequal variances (see Table 3 ). Controls and the corresponding co-cultures were compared with a 2-way repeated-measures analysis of variance (RM-ANOVA). In order to statistically analyze differences between T. weissflogii cultures, 1 culture was excluded due to missing data, in all other cases n = 3. The analysis was conducted with the software Graphpad Prism 5.0. In all cases, differences were accepted as significant when p < 0.05.
Raw MS data were used to automatically generate lists of intensities of mass-retention time pairs using the normalized and mean centered peak area, calculated with Apex Track peak detection (implemented in the MarkerLynx V4.1 software supplied by Waters). These data were used for principal component analysis (PCA) employing the same software (for experimental details see Barofsky et al. 2009 ).
In order to compare concentration differences of certain metabolites between different treatments, the peak area was determined with the software QuanLynx V4.1 (Waters) using standard program peak detection. The area of peaks in the cell extracts were normalized to the cell density and filtered volume, medium extracts were normalized to the filtered volume. Significance of differences between peak areas were evaluated with 2-tailed t-tests as described above.
RESULTS

Cell densities of co-cultured diatoms
We did not observe an effect on Skeletonema costatum cell density when it was co-cultured with Thalassiosira weissflogii (Fig. 1A) . Both co-cultures and control cultures of S. costatum had similar growth rates (0.71 ± 0.03 d -1 for the co-culture, 0.70 ± 0.03 d -1 for the control, calculated between Days 0 and 6). The growth rates are not significantly different (p = 0.41). Logarithmic plotting of cell densities confirmed that growth was exponential from Day 0 to 6 (data not shown). The maximum cell densities reached by S. costatum in the presence of T. weissflogii and in the control were nearly identical (4480 ± 1400 × 10 3 cells ml -1 [Day 21] and 4450 ± 630 × 10 3 cells ml -1 [Day 24], respectively). S. costatum reached a maximum cell concentration 3 d later when cultured with T. weissflogii than when cultured alone. However, this is not significant (p = 0.49). The S. costatum cell concentration decreased after a period of stationary growth (Day 27). Control cell concentrations decreased after Day 21. Furthermore, a repeated-measures ANOVA showed no significant difference for the cell density between co-cultures and controls at any time point (p > 0.05).
Significant effects on Thalassiosira weissflogii were observed during prolonged co-culturing with Skeletonema costatum. During the first 30 d of the experiment, the presence of S. costatum had no significant effect on the cell concentrations of T. weissflogii (Fig. 1B) . T. weissflogii had a growth rate of 0.73 ± 0.04 and 0.76 ± 0.03 d -1 for the co-culture and the control, respectively, between Days 0 and 6, which is not significantly different (p = 0.16). Neither co-cultures nor control cultures reached significantly different maximum cell concentrations (p = 0.44), with 300 ± 48 × 10 3 cells ml -1 (Day 11) and 249 ± 93 × 10 3 cells ml -1 (Day 15), respectively. From Day 30 on, the cell concentrations between controls and cocultures differed. While cell concentrations of T. weissflogii in the control cultures decreased (µ = -0.03 d -1 between Days 30 and 38), an increase in cell density (µ = 0.01 d -1 between Days 30 and 38) in the presence of S. costatum was observed. That increase resulted in a final cell density of T. weissflogii in the co-cultures that was more than 3 times greater than the final cell density of control cultures. A repeated-measures ANOVA calculation revealed a significant difference between co-cultures and controls from Day 30 on (p < 0.001 for all days).
Since inner cultures were not accessible to daily sampling, we determined their cell density only on the last day of the experiments (Fig. 2) . Here we observed cell concentrations of Skeletonema costatum of 1890 ± 570 × 10 3 cells ml -1 for the co-cultures (n = 2) and of 890 ± 780 × 10 3 (n = 3) cells ml -1 for the control cultures ( Fig. 2A) . However, we were unable to test for significance because of the low number of replicates.
We found a significant difference in the cell densities of Thalassiosira weissflogii when comparing the inner cultures of the co-cultures and the control (Fig. 2B) . While the cell concentration in the control was 152 ± 20 × 10 3 cells ml -1 , the cell concentration in the co-cultured T. weissflogii was significantly higher, with 245 ± 43 × 10 3 cells ml -1 (p < 0.05). We also compared the final cell concentrations of the outer and inner cultures of Skeletonema costatum and Thalassiosira weissflogii control cultures. The outer culture and inner culture of S. costatum had concentrations of 2150 ± 1930 × 10 3 and 890 ± 780 × 10 3 cells ml -1 , respectively. This difference is not significant (p = 0.18). Similarly, the outer (152 ± 27 × 10 3 cells ml 
Profiling of metabolites released by diatom cells
At the end of the experiment (Day 38), we extracted the culturing media for metabolic profiling of the extracellular metabolites based on UPLC/MS. The metabolic profiles were complex, indicating the presence of numerous released metabolites in the medium. We therefore relied on automatic peak processing to form massretention time pairs that could be evaluated for differences in intensities of released metabolites. PCA was used to compare the intensity of all these pairs between all chromatograms. The differences between extracellular profiles were visualized using a scores plot of medium extracts. The resulting scores plot shows a separation into 3 groups (Fig. 3) . The medium extracts of Skeletonema costatum and Thalassiosira weissflogii were separated by Principal Component 1, while the medium extracts of the co-cultures were separated from the S. costatum and T. weissflogii control extracts by Principal Component 2. The m/z-retention time pairs responsible for the group separation of the phases were extracted using the corresponding loadings plot, and only those not found in the blank measurements were further considered. Table 1 shows a selection of 8 substances that were exclusively found in the medium extract of S. costatum. Similarly, we found 1 substance with a masscharge ratio of 241 (2 min) that was only detected in the medium extract of T. weissflogii control cultures, but not in the medium extract of the S. costatum control cultures or in the co-cultures (Table 1) . Table 1 . Relative concentrations (given as a function of the intensity of the respective signals in single ion chromatograms normalized to the extracted volume) of 9 selected extracellular substances in the co-culture (n = 5), Skeletonema costatum control (n = 2) and Thalassiosira weissflogii control (n = 3).
Values are mean ± SD (n = 3) or ranges (n = 2). m/z: mass to charge ratios of the respective compounds, the time refers to the retention time in the ultraperformance liquid chromatography; ND: not detectable, signal-to-noise ratio (S/N) < 3; traces: S/N < 10; quantified: S/N > 10
Profiling of cellular metabolites
We used the same methods for the analysis of the metabolic profile of intracellular compounds. Again, the number of detected metabolites led us to use automatic data extraction and PCA to detect the metabolites that are produced in different amounts in cells of co-culturing and control set-ups. The resulting scores plot shows separation between the Skeletonema costatum cells in co-cultures and S. costatum cells in controls (not shown). This analysis revealed differences between metabolites present in control S. costatum cells and co-cultured S. costatum cells. Both up-and down-regulation of metabolites in response to co-culturing was observed, and a selection of metabolites is given in Table 2 . One example is the significantly higher normalized peak area of a substance with 481 m/z at 4.4 min in co-cultured S. costatum cells compared to the control cells (p < 0.001) ( Table 2 ). In Thalassiosira weissflogii cells we were also able to detect significantly different concentrations (p < 0.05) of several substances (e.g. m/z 527 at 4.2 min) between the cell extracts of the co-cultures and the control cultures (Table 3) . Here the concentration of all listed compounds was lower in the co-cultures than in the controls.
DISCUSSION
In the present study, we addressed the role of chemical exudates and potential chemical signals on diatom cultures grown under a regime that prevented cell contact but allowed cultures to exchange chemicals. This type of co-culturing experiment is often used in plankton ecology to evaluate the effects of diffusible signals and nutrients (McVeigh & Brown 1954 , Jensen et al. 1972 , Vardi et al. 2002 , Yamasaki et al. 2007 ). Using this experimental design allowed us to exclude potential effects of cell contact (previously described by Uchida et al. 1995) and to observe only interactions mediated by metabolites and nutrients diffusing through the dialysis membrane. Because the experiment was conducted with larger volumes of culture medium than described by Yamasaki et al. (2007) , we were able to sample enough medium to create a comprehensive profile of the metabolites released by diatoms and of the metabolic changes within the cells upon co-culture using LC/MS techniques. In contrast to numerous previous experiments, where culture filtrates from monocultures or partially purified compounds were used to test for allelopathy (e.g. Suikkanen et al. 2005) , our method allowed us not only to monitor the action of exuded stable compounds but also to cover unstable compounds. In addition, interactions such as the induced production of allelopathic compounds in the presence of the competitor (e.g. Selander et al. 2006) or indirectly mediated chemical interactions via nutrient effects or secondary interactions involving microorganisms as an additional partner, can be observed. Control experiments, in which the same alga was grown within and outside the dialysis bag, show that there are no significant differences in cell counts between compartments. This suggests that growth conditions are independent of the cul- One of the 6 replicates was identified as an outlier (Grubbs method) and deleted from the calculations Table 3 . Selection of 5 intracellular substances that show significant differences between Thalassiosira weissflogii in the co-culture (n = 5, 1 replicate discarded due to contamination) and in the control (n = 6). Values are mean ± SD relative concentrations (given as a function of the intensity of the respective signals in single ion chromatograms normalized to the extracted amount of cells). *p < 0.05; NS: no significance testable; ND: not detectable, S/N < 3; traces: S/N < 10; quantified: S/N > 10 ture compartment, and the effects of shading or poor aeration (Pouvreau et al. 2007 ) that could potentially influence the outcome of the co-culturing can be excluded. Although our culture conditions do not represent the natural planktonic environment due to increased cell counts and artificially enriched nutrient conditions, we can conclude that there is a general possibility of an allelopathic response of diatoms to the presence of co-occurring species (Legrand et al. 2003) . Co-culturing Skeletonema costatum and Thalassiosira weissflogii had no effect on the growth of S. costatum. When cultured in the outer chamber S. costatum exhibited similar growth rates independent of the presence of T. weissflogii or S. costatum in the inner chamber (Fig. 1A ). An exponential growth phase, with growth rates comparable to those detected in previous studies using these species (Montagnes & Franklin 2001 , Vidoudez & Pohnert 2008 , was followed by a short stationary phase and a declining phase in the co-cultures as well as in the control (Fig. 1A) . This illustrates that low molecular weight exudates of T. weissflogii diffusing through the dialysis membrane do not influence the growth of S. costatum. In addition, competition for nutrients, which also diffuse through the membrane, does not influence the performance of S. costatum. These results were verified by evaluating cell concentrations in the inner chamber after the end of other co-culturing experiments. No differences in cell concentration of S. costatum were observed in controls or in the presence of T. weissflogii ( Fig. 2A) . Such a lack of allelopathic interactions was also found in other co-culturing experiments (e.g. Talling 1957 ) and under natural conditions, where, e.g. Heterosigma akashiwo dynamics during a spring bloom were under nutrient but not allelopathic control (Shikata et al. 2008 ). In contrast, T. weissflogii was affected by compounds exuded from the S. costatum culture chamber. Initially, both control cultures and co-cultures of T. weissflogii had similar growth rates. However, after a period of stationary growth, the cell density of the co-cultured T. weissflogii significantly increased. These cultures eventually reached a cell concentration more than 3 times greater than that in the controls (Fig. 1B) . Again, these observations were confirmed because cell concentrations of T. weissflogii were significantly higher in the chambers of the co-cultures than in those of the controls (Fig. 2B) . Possible explanations for the stimulated growth of T. weissflogii include a positive allelopathic effect of one or more compounds that were released by S. costatum cultures only during the declining phase. Similar biphasic growth curves can also be observed in cultures of bacteria where switches of cell physiology dependent on quorum sensing might result in increased performance in the medium (van Houdt et al. 2007) . That a comparable process depending on signaling in-between individual cells of T. weissflogii is responsible for the observed biphasic growth (Fig. 1B) is unlikely, since control experiments with this species alone and previous culturing did not indicate any sign of positive feedback within cultures of this alga. Although care was taken to avoid microbial contamination and cultures were discarded if contaminated, it cannot be fully excluded that other mediating organisms such as an associated bacteria may also be involved in the observed chemical interaction.
Most of the studies concerning allelopathic interactions have focused on negative allelopathic effects (e.g. Gross 2003 , Kubanek et al. 2005 . Yamasaki et al. (2007) found, for example, that the first species to dominate in a co-culturing experiment with Skeletonema costatum and Heterosigma akashiwo was generally able to reduce the growth of the other co-cultured species. In contrast, there are only a few examples of positive allelopathic interactions. Recent studies have reported that cyanobacterial filtrates stimulate the growth of a wide range of organisms in a natural phytoplankton community, such as chlorophytes, dinoflagellates and other cyanobacteria (Suikkanen et al. 2005) . Bacteria are also known to promote algal growth (Grossart & Simon 2007) . Additionally, low concentrations of Prymnesium parvulum toxins have a positive effect on the growth rate of other algae (Graneli & Pavia 2006) . A stimulatory effect was also observed for S. costatum in interactions with the macroalga Ulva pertusa (Nan et al. 2004) . Nan et al. (2004) observed a growth stimulation of U. pertusa when grown in the presence of this diatom. It would be interesting to investigate in future experiments whether Skeletonema spp. generally promote the growth of other marine micro-and macroalgae and if this effect is limited to the late growth phases of these algae.
Another possible explanation for the increase of Thalassiosira weissflogii cell counts is that Skeletonema costatum in the declining phase might liberate nutrients that are exploited for a delayed second increase in cell density (Fig. 1B) . Discriminating between allelopathic and nutrient effects is a general problem in allelopathy research (Rengefors & Legrand 2001) , and a final answer can only be found through bioassayguided structure elucidation of the active components. Furthermore, the possibility of the involvement of bacteria that could influence diatom cell counts cannot be fully excluded, even though the utmost care was taken to exclude bacteria and constant monitoring confirmed a low level of contamination in all cultures.
We reasoned that a metabolic profiling approach to monitor the differences in cellular metabolites, as well as those in the medium, might provide insight into the nature of chemically mediated interactions between diatom species. Metabolic profiling is a well-established method in plant biology for monitoring induced changes in the metabolism of plants due to biotic interactions (von Roepenack-Lahaye et al. 2004 ). In contrast, only a few attempts have been made to profile the endo- (Allen et al. 2008) or exo-metabolome of diatoms (Barofsky et al. 2009 ). Direct comparisons of metabolites released by Skeletonema costatum and Thalassiosira weissflogii using MS techniques and data evaluation based on multivariate statistical analysis support the idea of a species-specific extracellular metabolic profile of both diatoms (Fig. 3, Table 1 ). The method introduced here allows a rapid separation of metabolites on a reversed-phase column; coupling to a mass spectrometer then gives a profile of numerous eluted metabolites that can be classified based on their retention times and characteristic mass to charge ratios. Using this approach >100 metabolites can be detected at a given time in the culture medium. Thus, multivariate statistical methods had to be used to unravel the quantitative variations of exuded metabolites (Barofsky et al. 2009 ). We found substances that were exclusively present either in S. costatum or in T. weissflogii control cultures. Interestingly, none of these species-specific substances were present in the co-culture, indicating an obvious interaction involving released metabolites (Table 1) . Inhibition of either biosynthesis or of excretion of these compounds by the competitor might cause the observed change in metabolic profiles. Alternatively, an active uptake or transformation of these particular compounds by the co-cultured diatoms might cause the observed effect. Heterotrophic utilization of organic compounds by diatoms has been discussed as an important survival strategy of diatoms under adverse conditions (Tuchman et al. 2006) . Such heterotrophic uptake might indeed be responsible for the promoted T. weissflogii growth in our co-culturing experiments. An active uptake of specific phytoplankton-derived metabolites such as dimethylsulfoniopropionate (DMSP) by other phytoplankton species has recently been shown (VilaCosta et al. 2006 ). Our methods, based on LC/MS measurements, do not provide any structural information beside the retention times in reversed-phase chromatography and the mass to charge ratios of the [M-H] -ions. Available databases established for electrospray mass spectrometry metabolomics of higher plants could not be successfully applied to diatom metabolites. Nevertheless, this basic mass spectrometric information allows us to exclude the possibility that the observed metabolites are amino acids or extracellular carbohydrates, which make up the bulk of compounds released from S. costatum (Granum et al. 2002) . We also found that DMSP or other betains were not among the metabolites that were present in significantly different concentrations between control cultures and co-cultures. We suggest that further structural elucidation of the observed metabolites and direct tests of their biological activity might provide a shortcut for the identification of an active principle when compared to traditional bioassay-guided structure elucidation Although cell density of Skeletonema costatum was not affected by the co-cultured Thalassiosira weissflogii, we still observed a physiological response to the presence of the competitor. This is indicated by a change in the intracellular metabolic profile observed after PCA of data derived from cellular extracts (prominent changes illustrated in Table 2 ). The change in intracellular metabolic profile indicates that S. costatum is capable of perceiving the presence of a competitor by chemical signals that diffuse through the dialysis membrane or of reacting to the altered nutrient availability caused by the co-cultivation. Other compounds, such as those shown in Table 3 , from the intracellular extracts of T. weissflogii are downregulated in the co-culture. Physiological responses to changing conditions that are reflected in a change of the metabolic profile are well documented in the literature (Ribalet et al. 2007 , Van Mooy et al. 2009 ). The extent to which these changes have a direct impact on ecological interactions is by no means clear, but observation of metabolic fluctuations will enable a targeted screening of biochemical and ecological responses to specific metabolites, as has been successfully demonstrated in the case of dimethyl sulfide and polyunsaturated aldehydes (Pohnert 2005 , Steinke et al. 2006 .
Despite being conducted in the laboratory under conditions far from those in field situations, our experiments provide evidence that diatoms have the potential to interact with each other via released metabolites. These interactions may result in a complex cross-talk between diatom species that might even be overlaid by contributions from the bacterial community (Grossart & Simon 2007) . Our experiments are consistent with other studies showing that exudates of one phytoplankton species can influence the growth of another one (Fistarol et al. 2004 , Kubanek et al. 2005 , Yamasaki et al. 2007 , Wang & Tang 2008 . We link altered growth to a modified chemical profile of both the released and intracellular metabolites, thereby showing that diffusible compounds are involved in an interaction not only reflected by changes in cell concentrations but also by changes in the physiology of the cells. This is very much in line with previous observations of induced responses of phytoplankton species to external stimuli (e.g. Selander et al. 2006) . Our results show the importance of tests for allelopathy, which allow for direct interactions, as compared with established approaches, which primarily test the activity of the culture medium of isolated species. It is interesting to note that we observed these types of chemically mediated interactions between diatoms that co-occur in the same habitat. 
